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INTRODUCTION 
The vortex tube - frequently referred to as the Ranque - Hilsch 
vortex tube - has been investigated both experimentally and theoreti­
cally by many researchers for a number of years. The device enjoys 
continued investigation for two reasons: it's considerable academic 
interest because of the difficult non-linear differential equations 
which describe the complicated flow pattern within the tube and also, 
the possibility of practical application is intriguing because of 
the extreme simplicity of fabrication and operation (i.e., it requires 
no moving parts). Theoreticians, however, have achieved only margin­
al success. The experimentalists have determined temperature, pres­
sure, velocity profiles within the tube and made some optimization 
studies. The need for a study based on the principles of similitude, 
if practical, is long overdue and is the purpose of this paper. 
By the very nature of similitude, such a study should be of both 
academic interest (i.e., if the variables are identifiable, then 
similitude will provide a systematic, efficient approach to the in­
vestigation of their dependence) as well as of practical interest 
because of the automatic production of design and operating condi­
tions . 
The present investigation was restricted to a phenomenological 
study of the effects on the temperature of the exhaust air (at the 
cold exits of a pair of tubes exhibiting geometrical similarity) 
due to variations of inlet and cold outlet pressures and flow rates. 
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The specific questions to be considered are can pertinent, gross-
effect variables (i.e., variables descriptive of phenomena exterior 
of the vortex chamber and tube irrespective of detailed interior 
flow and heat transfer phenomena) be identified to a degree admit­
ting the prediction of prototype temperatures given model tempera­
tures and, if so, is true or distorted model theory required. 
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SUMMARY OF PREVIOUS WORK 
The theory and operation of the vortex tube has been considered 
by many investigators dating back to the mid-thirties. M. G. Ranque 
discovered the thermal separation capabilities of the vortex tube 
and received a French patent in 1933 and an American patent a year 
later. Except for the patents, Ranque*s work apparently remained 
unrecognized until World War II when its first application evolved 
as a refrigerating device for the experimental German rocket plane. 
The first detailed publication, R. Hilsch (2), appeared after the 
war and reported some optimization studies relative to tube geometry 
and inlet gas pressure as well as a qualitative description of the 
flow in the vortex tube. As initial conjectures relative to a theo­
retical explanation of the thermal separation phenomenon, he postu­
lated a radially outward flow of kinetic energy due to internal 
friction. Since the Hilsch article, the literature has naturally 
divided into three separate categories: 
1. Experimental 
A. Optimization studies 
3. Detailed temperature, pressure, velocity profiles 
2. Theoretical 
3. Application 
Applications to date have been limited in number. The device 
has recently (15) been utilized by the New York Central Railroad 
as a drinking water cooler (since they would naturally have a quantity 
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of compressed air available). Another (3) is used as a cooling de­
vice for a dew point meter. The feasibility of using a vortex tube 
to contain a fissioning gas has been demonstrated by Keyes (4). 
The possibility of obtaining higher propellent temperatures in a 
nuclear rocket than could be obtained by the reactor alone has been 
suggested by Deissler and Perlmutter (l), A recent article (lo) 
discusses the design of personal air-conditioning units for protective 
clothing. It may be seen that the range (if not the number) of 
applications is rather significant. Due to the extreme simplicity 
of this device, it may be supposed that many more future applications 
will be found. 
An excellent bibliography of vortex tube literature, with ab­
stracts, exists for the period extending from Ranque's patent through 
1953 in the form of a paper by Westley (l7). A brief examination, 
of this report will show that interest waxed and waned during this 
period. However, interest has remained relatively high for the 
past several years probably due to the fact, as Westley (17) expressed 
it, that "Besides its possible importance as a practical device, the 
vortex tube presented a new and intriguing phenomenon in fluid dy­
namics." 
Parametric studies of variations of average output temperatures 
with tube geometry and input pressure have been reported by Martynovskii 
and Alekseev (7). Some conclusions were: 
1. That a dual tangential trough input resulted in the greatest 
temperature difference, 
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2e that best efficiency was obtained when the diameter of 
the hot tube and vortex chamber were the same, 
3. a central, circular, cold orifice in a flat diaphragm 
produced greatest temperature differences, 
4. the optimum ratio of hot tube diameter to cold orifice 
diameter was in the range 1.85 to 1.95, 
5. for the input pressure ranges used (2 to 10 atmospheres), 
a variation of input gas stagnation temperature from 7°C to 
25°C caused no measurable effect on the output temperature 
differences (hot exit - cold exit). 
These conclusions were considered in the design of the tubes used 
in the present work. 
A concise summary of the state of developement of the theory 
of the vortex tube in 1959 is given by F. Kreith in the 'Discussion* 
section of a paper by Lay (6). Theories up to this time had ranged 
from simple adiabatic cooling through a centrifugally generated pres­
sure gradient, through a suggestion that the vortex tube cooling and 
heating phenomena was due to an ultrasonic effect, and finally, to 
a two dimensional, compressible, turbulent flow model. A recent 
extension of this latter model has been given by Sibulkin (ll, 12, I3), 
and will be outlined here. Sibulkin (I3) notes that "The description 
of the vertex tube gives rise to a steady-flow problem in three-
dimensional space which is mathematically intractable." He has, 
therefore, chosen as model an unsteady, two-dimensional problem by 
neglecting the shear forces associated with the axial and radial 
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components of the -velocity in comparison to the shear associated with 
the circumferential velocity distribution. A perfect gas and a Mach 
number much less than one are assumed. Under these assumptions, 
Sibulkin (ll, 12) has shown that the Navier-Stokes and energy equa­
tions can be reduced to 
The left hand side of the latter equation is the rate of change of 
total enthalpy of a fluid element in the hot tube. The first term 
on the right is the increase in enthalpy due to compression of a 
fluid element. The second term on the right is the viscous work on 
an element. The last terra on the right is the net heat conducted 
into an element. Some conclusions of the Sibulkin (13) paper are: 
1. Confirmation of the axial flow pattern of (9) as Figure 1, 
2. greatest temperature difference (inlet - cold exit) oc­
curs for smallest cold orifice, 
3. the height of the (rectangular) inlet nozzle was found to 
be a significant geometrical parameter affecting performance -
p r ^ 
8r 
(1) 
/ 
(2)  
(3) 
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as the height increased, the core diameter decreased, and the 
temperature differences increased, 
k= general (qualitative) agreement with theoretical and experi­
mental temperature, pressure profiles. 
C O L D  
E X I T  C. L. 
Figure 1. Axial flow pattern 
Takaharaa (I4) has recently reported on theoretical and experi­
mental studies made with the object of obtaining formulae for pro­
files of velocity, temperature, and energy of the air flow which do 
not include such generally unknown quantities as radial velocity 
and turbulent diffusivity. Good agreement is achieved between theory 
and experiment for velocity profiles. However, the experimental 
temperature profile is of a different form than that of the theoretical 
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profile, though less different than when compared with previous 
theories. 
In summary, then, the air entering the tangential nozzles creates 
a circumferential flow distribution in the hot tube moving away from 
the inlet plane. Considering the entire cross section of the tube, 
one observes a temperature distribution with a minimum at the center 
and a maiximum near the wall. Qualitative agreement with experiment 
is achieved when one assumes the net rate of change of total tempera­
ture of a fluid element as it spirals toward the center as due to 
three causes: 
1. Turbulent heat transfer into the element as a result of 
a tenperature gradient (conduction), 
2. turbulent heat transfer into the element as a result of 
a pressure gradient (convection), and 
3. turbulent shear work done on the element « 
Visual inspection techniques have determined that the flow in 
the tube divides into two rather distinct patterns: 
1. A relatively quiescent core centered on the tube axis 
(the cooler flow on escape), and 
2. a high velocity annulus (the warmer flow). 
As indicated by the preceding discussion, previous investigations 
of vortex tubes have been directed specifically toward achieving 
an explanation of the fundamental fluid phenomenon in such tubes 
or toward attenç)ts to discover, for a particular tube, those values 
of the operating parameters which would produce the greatest temperature 
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difference. No previous work was found which applied similitude 
theory to the vortex tube system. Due to this total lack in the 
field, the current work is a pioneering investigation and will pro­
ceed by utilizing dimensional analysis to discover significant TT 
terms which are required in the theory of similitude. 
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DIIffiNSIONAL ANALYSIS 
The first step in the similitude approach is the application 
of dimensional analysis to the problem. Dimensional analysis, how­
ever, assumes the pertinent variables and their dimensions are known. 
The procedure is to assume a set of variables (wit? their respective 
dimensions) and test their validity via the results. Those variables 
assumed appropriate for the present work are listed in Table 1. 
These indicate three types of variables are necessary. They 
must specify the geometries of prototype and model, dynamics of 
prototype and model, and those properties of the materials upon 
which the characteristic phenomena of interest depend. 
Geometric Variables 
The choice of geometric variables is governed to some extent 
by the particular style of tube enployed. Vortex tubes reported 
in the literature differ in size, type of vortex chamber (i.e., the 
inlet air stream may be directed along a normal or otherwise tangent 
to the vortex tube), the number of such inlets, and the shape (cir­
cular, rectangular) of the cross section of the inlet(s). For the 
present work a dual inlet (shown in Figure 2) was chosen and designed 
to bring the flow into the vortex chamber in such a way that the 
flow per channel could be fed into the chamber gradually over an 
angular range of 180°. Together, the two channels produce a 360° 
feed. It was felt that this system would result in a lower turbulence 
11 
Table 1. Significant variables 
Symbol Definition 
dh Internal diameter of vortex tube 
^c Diameter of cold orifice 
h Height of inlet channels 
w Width of inlet channels 
1 Length of vortex tube 
a Width of throttle valve slots 
Te Temperature at cold orifice 
Ti Temperature at inlets 
Pc Pressure at cold orifice 
Pi Pressure at inlets 
Qc flow rate from cold orifice 
% Flow rate (total) to inlets 
M 
Viscosity of inlet gas 
K Thermal conductivity of inlet gas 
Kp Thermal conductivity of tube material 
'p 
Specific heat of gas at constant pressure 
Cy Specific heat of gas at constant volume 
a Moisture content of inlet gas 
Figure 2. Photograph of assembled 3/4 inch vortex tube and vortex chamber of 1 inch tube 
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within the chsimber (a desirable situation since the cold flow exits 
along the tube axis from the chamber) than that known to exist in 
the simple design with single entry via a normal tangent. 
Hilsch (2) has shovm that larger temperature reductions may­
be obtained with larger vortex tubes (for a given inlet pressure). 
However, in the same paper it is shown that the optimum (in the sense 
of largest temperature difference between hot and cold outlets) 
ratio of vortex tube diameter to inlet diameter (assuming a circular 
inlet) is approximately four. Therefore, for optimum performance, 
dji is limited by the flow rate available. 
The choice of value of d^ depends on whether it is desired to 
attain very low temperatures or to produce large quantities of cold 
air. Martynovskii and Alekseev (?) have reported that two is a 
useful compromise value of the ratio of d^ to d^. 
Sibulkin (13) is apparently the only investigator thus far to 
have considered rectangular inlet nozzles (others being circular). 
He concluded that, of the geometrical parameters involved, h was the 
most significant in determining the temperature of the cold gas 
stream. The hypothesis supposes that the larger h, the smaller the 
core and the faster its rotation so that the core should do more work 
on the annulus and thereby experience an increased temperature drop. 
The inlet width w is a determining factor for the flow rate. 
Whatever theoretical explanation of the vortex tube evolves, 
some time (and hence, some length of tube) will be required for 
the energy separation between the air of the axial region and that 
of the annulus. 
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Since the vortex flow configuration near the end of the vortex 
tube will necessarily be disturbed because of the presence of the 
throttle valve slots, the number, location (immediately before the 
end plug), and width a, have been modeled in order to cause as nearly 
similar disturbance in model and prototype as possible. 
The numerical values of these variables is given in Appendix A. 
Except for d^ all pertinent lengths will henceforth be abbreviated 
to Xi« Reference to Figure 3 indicates the above length variables 
to be independent. 
Dynamic Variables 
The well - known physical equations which govern fluid flow, 
viz., the Navier - Stokes equation, the continuity equation, the 
energy equation, and the equation of state define the variables in­
volved in the description of the internal fluid flow. These variables 
are pressure, temperature, density, velocity, and acceleration. 
Under steady state conditions acceleration (whether gravitational 
or other) would not be expected to be of any significance since 
measurement of the variables was external to the vortex flow. The 
density will similarly be excluded - it would form a dependent set 
with pressure and temperature when the perfect gas law is applied. 
The static temperature at the cold exit, Tg, is the quantity 
to be predicted. 
The static temperature at the inlet should be included since 
Figure 3. Vortex tube and chamber, exploded view 
9. 
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small changes in this variable produce similar changes in Tg. 
The static pressure at the inlet, is a controlling factor 
determining flow rate through the tube. For the present investiga­
tion, the cold outlet temperature will be shown to be not directly 
dependent on Pg, but rather on the ratio Pi/Pc and hence, the ratio 
will be taken as a significant variable rather than the pressures 
individually. 
Various investigators from Hilsch to Takahama have noted the 
temperature dependence at the cold exit on the mass flow rates which, 
of course, are relatable to the flow rates Qj_ and through the 
pressures and tençjeratures. 
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Properties of the Materials 
Of the three types of variables, those defining properties of 
the materials of significance to the phenomena in question are fre­
quently the most difficult to decide. This condition results from 
the fact that a property of significance in one range of operation 
may be of quite negligible significance in another. The solution, 
of course, is to test as wide a range of values of the variables as 
possible. 
As noted for the dynamic variables, the four governing equations 
for fluid flow will supply initial estimates of significant proper­
ties of the materials. 
The laminar viscosity jJi and thermal conductivity K of the inlet 
gas have been included. Some theorists (e.g., Deissler and Perlmutter 
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incorporate turbulent viscosity and conductivity for the vortex flow 
within the tube, and, in fact, the Reynolds number has been estimated 
in the current inlet channels to be approximately 10,000 (i.e., in 
the low turbulent region). However, for the length of channel involved 
here (approximately 2 inches), it is. supposed that viscous and heat 
flow effects should be largely restricted to the laminar boundary 
layer f5, 10). 
Also, the specific heats and moisture content of the inlet gas 
have been included. 
Construction of TT Terms 
Collecting the previously listed variables, it may be assumed 
that 
s» F(Tj_, dg, , P^/Pq, Qj^, QotjX > K, K^, Cp, C.^, Q. ). (U) 
Assuming a mechanical energy - heat energy interchange within the 
tube (as Sibulkin (13) suggests), the variables may be assumed to 
have the following dimensions (see Murphy (8), page 193). 
dc - X = L 
Tc ^ Tjj_ & 0 
Qc = & L3T-1 
' 
FTL"2 
K •= 
s ' 
FT~^©-1 
Cv = L2-J-20-1 
a & PiA'c & 1 
The symbol = indicates dimensional equality but not necessarily 
19 
nxuaerical equality. Therefore, according to the TT - Theorem of 
Dimensional Analysis, there are 
1 3 - 4  =  9  
TT terms required. A possible set is 
Ti /i-^p Gp Kp Qi Qi^ 
— ^ I —> > —> —> CL > > 1-
Tc Uc K Cv K Pc Qo C^T^dZ 
This set is independent since each TT term contains one variable which 
is not utilized by any oth - term. 
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SIMILITUDE TREATMENT OF PROBLEM 
After dimensional analysis has been employed to deduce a set 
of dimensionless parameters descriptive of the phenomena in question, 
the theory of similitude may be applied in order to relate these 
parameters to a prototype-model pair. This involves identification 
of V terms with model and prototype and deductions concerning rela­
tionships among the corresponding variables. 
A fundamental assumption of similitude is that the form of the 
equations are the same in model and prototype. Specifically, if 
Equation 5 is properly descriptive of the prototype, then an expres­
sion similar in form is also descriptive of a suitably designed model. 
Specifically, the following expression may be formed on the basis 
of Equation 5: 
•where the subscript m defines the particular variable as relative 
to the model. It may be observed that if all. homologous 77" terms 
Development of Prediction Equation 
on the right hand side of this expression are equal, there results 
21 
(7) 
which is known as the prediction equation because of its ability to 
predict prototype behavior (the left hand side) given the model 
behavior. This equation, moreover, indicates a true model. It should 
be noted, however, that if not all homologous TT terms may be set 
equal, then a distortion exists and Equation 7 may not be valid. 
In that event a more realistic prediction equation is 
T. T-
2 .8 J: (8) 
T T cm 
where § is a prediction factor to be determined and whose purpose 
is to account for the lack of satisfaction of the particular dis­
torted TT terras. Depending on the problem and the variables speci­
fied, 3 may vary from a constant to a function of all TT terms. 
Design Conditions 
Identification of homologous terms of Equation 6 leads to the 
following design conditions. 
Xi X 
^c "^cm 
(9) 
these imply the length scale (relating model and prototype): 
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This expression states the need for geometrical similarity of model 
and prototype and was a governing factor in prototype and model fab­
rication. The next three design conditions relate to properties of 
the materials: 
= 111; 
. K Km 
 ^ V 
G-vm 
(12) 
S 
= !!! (13) 
The easiest way to satisfy these restrictions on the properties of 
the gas and tube material is to use the same gas in model and pro­
totype (air in the current work) and the same construction materials 
(Plexiglas, here). Because of temperature and pressure variations 
the equality, in practice, is approximate. However, the approxi­
mation is a very good one for air« Next 
CL CL la (14) 
This requirement stipulates the same moisture content (preferably 
none) in the gas used in model and prototype. Since the local campus 
air supply equipment incorporates an after-cooler,.no attempt was 
made to control this parameter except that each prototype-model data 
set was obtained as rapidly as possible in order to minimize possible 
variations of CL if any moisture should escape extraction. 
23 
Operating Conditions 
The remaining equivalences stipulate the operating conditions, 
•im 
• cm 
(15) 
Qi 
Qc" 
Qim 
(16) 
That is, temperature ratios for prototype and model should be com­
parable only for those situations in which the pressure and flow 
ratios are equal. Finally 
Qi' 
CpVc 
* 
m 
Cpm^imd-cm^ 
(17) 
or equivalently 
But in practice 
'Cp \ l \  \ l i c  \ ' '  
-pray ••im / I "cm 
(18) 
Ti 
"pm 
^im 
Therefore 
2 / 
= n Capproximately; 
Qim 
(19) 
This represents an operating condition on the flow magnitudes, and 
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also, since 
Qi Qc 
= by Equation 16 
Qim Qcm 
There results the following condition on the cold flows 
Qc 2 
= n (approximately) (20) 
Qcm 
Experimental Procedure 
The restrictions on flow magnitude developed as the most dif­
ficult of the design and operating conditions to satisfy. It may 
be noted that for length scales as large as two, the flow rates in 
the prototype must be approximately four times those in the model. 
Depending on the range of flow rates to be investigated, this feature 
can lead to rather serious requirements on the range of the rota­
meters. However, within the attainable range, the experimental pro­
cedure evolved (for a single gas and tube material) into the following 
technique (see Figure 4 for a schematic of the system and Appendix A 
for a listing of test equipment). 
The range of operation of the system which would allow approxi­
mate satisfaction of the operating conditions was determined and an 
error analysis made on the test equipment (see Appendix B), In view 
of .the range, the error analysis, and difficulty with satisfying the 
( 
operating condition relative to flow magnitudes (to be discussed 
later under Results),it was decided that for the acquisition of 
—Water monometer for use in 
adjusting relative flows 
V 
Pressure 
Correction) 
Supply Filter 
II, 
Qc 3 
^Pressure 
Correction 
^Vortex Chamber 
•a Hot Exhaust 
b P; 
N) 
Figure A. Schematic of test apparatus 
26 
raw data the pressure ratio should bo considered a parameter and set 
at four different values. For each value of the pressure ratio, 
those hot valve, cold valve, and inlet valve settings were obtained 
which simultaneously produced the desired pressure ratios and a mini­
mum observable reading (% 2CFÎ4) on the cold flow rotameter. This 
condition of operation produced the coldest temperature of the cold 
flow obtainable for that given pressure ratio. In order to minimize 
the several minutes required to overcome the thermal inertia of the 
system once the above conditions were set, the inlet valve was opened 
an additionally small amount. This had the effect of raising the 
pressure ratio and lowering the cold flow temperature still more. 
After a few minutes the inlet valve was again adjusted to reset 
the pressure ratio at the desired value. Thermometer and rotameter 
data were recorded after two successive readings of the thermometer 
(separated by at least one minute) detected not more than a 0.2°F 
change (the estimation limit was 0.1°F), The inlet valve was then 
closed a small amount in order to lower the pressure ratio and raise 
the cold flow temperature somewhat. The inlet valve was then reset 
to produce the desired pressure ratio and the temperature and flows 
were again recorded as before. The averages of these temperatures 
and flows were taken as the best estimate of the first data point 
for a given pressure ratio. 
The next data point was obtained similarly. Hot, cold, and 
inlet valves were adjusted sli^tly so as to raise the cold flow 
rotameter reading (while maintaining the pressure ratio) which, as 
27 
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before, allowed a temperature measurement to be taken under an increas­
ing tenperature condition. Then the inlet valve was closed slightly 
to raise the temperature, then reset to its desired position, and a 
temperature recorded in a decreasing temperature condition. This 
set was then averaged for the second graph point. After a complete 
set of decreasing temperature and flow ratio points were recorded, 
the set was spot-checked by obtaining two to four more points taken 
in a reverse operation from that described above, i.e., starting with 
the flow ratio near one and retracing the cycle back to the minimum 
cold flow configuration. 
The first model-prototype pair constructed were the previously 
mentioned one inch diameter tube and a l/2 inch diameter tube. 
It was discovered, however, that although both tubes functioned 
within the range of the rotameters for comparable pressure ratios, 
the 1/2 inch tube flows were near the lower limits of the rotameters 
and considered unreliable. Also, the flow ratios obtainable were 
quite small (i.e., near one). Hence, 1/2 inch tube data will not 
be included in the general results, although observations of gross 
effects will be noted occasionally. 
The 3/4 inch tube was constructed in order to place the rota­
meter measurements nearer mid-scale. 
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RESULTS 
As previously mentioned, a problem encountered early in the 
operation of the system was the satisfaction of the operating condi­
tions determining flow magnitudes. It was found that for three dif­
ferent size tubes of diameters 1 inch, 3/4 inch, and 1/2 inch the 
flow ratios of prototype to model were all somewhat greater than 
2 
n when the operating condition on the pressure ratios was satisfied. 
At first glance the flow condition appears redundant in that 
if geometry, fluid, pressure, and temperature are fixed, then the 
flow should be determined. In practice, however, there is some dis­
tortion of model due to the omission of a length variable characteris­
tic of the inlet region of the channels and descriptive of flow con­
traction at these locations. This effect would be relatively more 
severe for the smaller inlets and would tend to increase the effective 
area ratios over the channel area ratios. This omission was not thought 
of serious significance and allowed some simplification of fabrication. 
It was decided to fix the pressures and record data of teiiperature 
and flow for various settings of the throttle valves and account 
for the above distortion via the resulting prediction factor. 
Another observation was that tençerature ratios T^/T^ were 
sensibly independent of Pq for pressure ratios in the range 1.1 — 
Pi/Pc — 1.5, flow ratios in the range 1 ^  Q.±/Qq — 8, and for 
2 ^ Pg dz 6 psig. Hence, for convenience, all subsequent data 
was obtained with Pc set at 4 psig. 
I 
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Figures 5 and 6 are graphical representations of a conçlete set 
of data for prototype and model respectively (data listed in Tables 
2 and 3)* Some aspects of these curves agree with the findings of 
previous experimental investigations, viz., the rapid fall of Tg 
with initially increasing flow ratio (T^ is practically constant per 
curve), an apparent minimum Tg depending on the pressure ratio and 
occurring at larger flow ratios for larger pressure ratios, and a 
lowering of with increasing pressure ratio for a given flow ratio. 
However, there is one qualitative aspect which differs appreciably 
from previously reported investigations (e.g., Westley (17), 
Martynovskii and Alekseev (?), and Takahama (14)). Current data, 
do not support their observations that temperature ratio versus mass 
ratio curves pass through a maximum and decline for higher mass ratios. 
For example, %rtynovskii and Alekseev (?) report, for several tube 
sizes and operating conditions, a minimum value of Tq near a mass 
ratio of 
= 0.3. 
Mi 
It is the author's opinion that their observations were probably a 
result of heat conduction from the environment through the cold 
portions of their apparatus and, of course, all data would be more 
or less affected by this. The use of Plexiglas for construction 
material may be supposed to have minimized this effect in the pre­
sent work (the others referred to used tubes constructed largely 
of copper). 
1.03 
=-1^45 . 
TTu 
l.Ol,  
TT-
71% = 0.032 
1.03 
TT; 
1.02 
- 1.15 -Or 
1.01 
1.00 
1.0 2.0 3.0 4.0 6.0 5.0 7.0 
*^2 ~ 4i/Qc 
Figure 5. Temperature ratio versus flow ratio. Tube.inside diameter = 1.00 inch. Low specific 
hurddity. Parameters: TTj, = Pi/Pc, = QiVCpTidc^. 
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Table 2. Experimental data for Figure 5 
Pressure Pressure Flow rate Temperature 
ratio Pc P. ^ÇL Qi T^ T. 
psia. psia. ft.^/min. ft.3/min. °F °F 
1.15 18.65 21.45 
1.25 18.65 23.30 
1.35 18.65 25.15 
1.45 18.65 27.05 
2.5 21.7 73.3 81.1 
2.5 21.7 73.5 81.2 
3.6 21.7 73.3 8I.3 
3.6 21.7 • 73.5 81.4 
5.2 21.7 73.7 81.5 
5.2 21.7 73.9 81.6 
7.1 21.7 74.6 81.7 
7.1 21.7 74.8 81.8 
9.6 21.7 75.7 81.8 
9.6 21.7 75.8 81.8 
10.7 21.4 76.3 81.9 
10.7 21.4 . 76.4 82.0 
12.6 21.4 77.3 82.0 
12.6 21.4 77.5 82.0 
13.9 21.1 78.8 82.1 
13.9 21.1 78.8 82.1 
7.9 21.7 75.7 82.3 
7.9 21.7 75.5 82.3 
4.4 21.7 74.5 82.3 
4.4 21.7 74.3 82.4 
4.4 28.4 60.5 82.3 
5.7 28.4 68.6 82.4 
7.4 28.4 68.9 82.4 
10.4 28.4 70.4 82.4 
10.6 28.4 70.7 82.3 
12.6 28.4 71.4 82.3 
14.3 28.0 72.8 82.3 
16.0 28.0 73.9 82.3 
8.9 28.4 69.9 82.3 
4.6 28.4 68.5 82.3 
5.2 33.8 62.9 82.6 
7.9 33.8 63.6 82.6 
11.5 33.8 65.7 82.7 
15.1 33.8 67.7 82.6 
10.5 33.8 65.3 82.6 
8.6 33.8 64.3 82.7 
6.0 33.8 63.3 82.7 
5.9 38.2 58.6 82.9 
7.7 38.2 58.9 82.9 
9.6 38.2 59.6 82.9 
11.8 38.2 60.7 82.8 
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Table 2 (Continued) 
Pressure Pressure Flow rate Temperature 
ratio P Pi Qu % Tc ?! 
psia. psia. ft.-^/min. ft.^/rain ot 
13.6 38.2 62.3 82.8 
11.0 38.2 60.4 82.8 
8.0 38.2 59.3 82.8 
6.6 38.2 58.8 82.8 
6.2 38.2 58.3 82.8 
1.0 
1.04-
1.03-
1.02-
1.01-
1.00 
5.0 
rr^ = 1.45 
TT^  = 0.036 
= 1.35 
TTi^  = 0.027 
TTo = 1.25 
TTi^  = 0.018 
7r3 = 1.15 
TT^  = 0.009 
3.0 4.0 
, _ 772 = Qi/Qc 
figure 6. Temperature ratio versus flow ratio. Tube inside diameter 
humidity. Parameters; TT^ = Pi/Pc> 77^ = Qi^/CpTidc^. 
-U 
6.0 
3/4 inch, 
7.0 
Low specific 
w VwO 
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Table 3* Experimental data for Figure 6 
Pressure Pressure 
ratio Fq Pj_ 
psia. psia. 
Flow 
3% ft.-^/nn.n<, 
rate 
o^i 
ft .-^/înin 
Temperature 
Tc T. 
op oj 
1.15 18.65 21.45 3.4 10.4 69.0 76.9 
3.4 10.4 69.5 76.9 
4*4 10.0 70.3 77.2 
4«4 10.0 70.5 77.2 
5.0 10.0 70.9 77.3 
5.1 9.9 71.1 77.3 
6.0 9.7 72.0 77.4 
6.0 9.7 72.1 77.4 
606 9. 72.9 77.5 
6.6 9.7 73.0 77.5 
7.5 9.7 74.2 77.6 
7.5 9.7 74.3 77.6 
8.6 9.7 77.4 77.8 
8.6 9.7 77.4 77.8 
5.5 9.7 72.6 78.2 
5.5 9.7 72.6 78.3 
3.9 9.9 71.7 78.4 
3.9 9.9 71.5 78.5 
2.8 10.2 71.3 78.7 
2.8 10.2 71.1 78.8 
1.25 18.65 23.30 3.3 14.1 66.5 79.6 
3.3 14.1 . 66.7 79.7 
4.0 14.1 66.5 79.8 
4.0 14.1 66.7 79.9 
5.1 14.0 67.7 80.0 
5.0 14.0 67.9 80.0 
6.1 13.7 69.0 80.0 
6.1 13.7 69.3 80.1 
7.1 13.7 70.5 80.2 
7.1 13.7 70.7 80.2 
8.8 13.5 72.7 80.2 
8.8 13.1 72.9 80.2 
10.5 13.0 75.1 8O.3 
10.5 13.0 75.1 80.3 
5.8 13.8 69.6 80.7 
5.8 13.8 69.4 80.8 
3.1 14.3 67.9 80.9 
2.9 14.1 67.6 81.0 
1.35 18.65 25.15 3.1 17.3 62.7 81.5 
3.1 17.3 62.7 81.5 
4.7 17.1 63.3 81.5 
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Table 3 (Continued) 
Pressure 
ratio 
Pressure 
psia. psia. 
Plow 
ft.^/inin. 
rate 
ft min. 
Temperature 
T_ Ti 
Op Op 
1.35 18.65 25.15 4.7 • 17.1 63.6 81.5 
5.9 17.0 64.7 81.5 
5.9 17.0 64.9 81.5 
. 7.5 17.0 66.7 81.5 
7.3 17.0 66.9 81.5 
9.1 16.7 69.0 81.6 
9.1 16.7 69.2 81.6 
11.2 16.3 72.2 81.7 
11.2 16.3 72.4 81.7 
13.2 16.0 76.0 81.7 
13.2 16.0 76.1 81.7 
6.1 17.0 66.4 82.0 
6.1 17.0 66.2 82,1 
3.1 17.5 64.0 82.2 
3.1 17.5 63.6 82.3 
1.45 18.65 27.05 3.05 20.0 58.5 82.8 
3.05 20.0 58.7 82.8 
4.4 20.0 59.0 82.7 
4.4 20.0 59.1 82.6 
6.0 20.0 60.5 82.5 
6.0 20.0 60.7 82.5 
7.0 20.0 62.0 82.5 
7.0 20.0 62.3 82.5 
8.5 19.7 64.4 82.5 
8.5 19.7 64.6 82.5 
10.6 19.5 66.9 82.5 
10.6 19.5 67.0 82.5 
12.5 19.4 70.0 82.4 
12.5 19.4 70.2 82.4 
15.0 18.7 73.8 82.4 
15.0 18.7 73.9 82.4 
8.5 19.7 65.2 82.4 
8.5 19.7 64.9 82.4 
3.9 20.0 60.1 82.6 
3.9 20.0 59.8 82.7 
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Figure 7 is a superposition of Figures 5 and 6 with data point 
uncertainty intervals (see Appendix B) shown. Within these inter­
vals the curves are of the same form for each pressure ratio. For 
a given flow ratio, the magnitudes of the temperature ratios (for 
a particular pressure ratio) may be observed to be within the uncer­
tainty intervals. The matter of the inequality of the operating 
condition 
SW " SiÂÂm* 
can be of no more than secondary significance since as much as a 
35^2 change of value of this term for corresponding curves of proto­
type and model still allows curve overlap within the error limits. 
Figures 8, 9 and 10 (data listed in Tables 4 and 5) are simi­
lar to Figures 5> 6 and 7 except that atmospheric absolute humidity 
for sets 8 and 9 was somewhat greater than for sets 5 and 6 (38 
grains/pound dry air and 34 grains/pound dry air). However, no quan­
titative conclusions are possible on the question of effect of mois­
ture because actual air line conditions could not be determined. 
But in all cases there is apparent indication that, for comparable 
values of the parameters, a lower humidity condition is associated 
with a lower value of T^. In the event of cold temperatures below 
the dew point, it may be supposed the effect could become significant 
(cf.. Lay (6)). 
Cursory investigation of the error limits of the data points 
indicates uncertainty of the value of the flow ratio becomes inordinantly 
1.05L 
r-i 
II 
l.OA 
1.03 
1.02 
1.01 
1.00 
Figure 7. Superposition of prototype (Figure 5) 
L -O TTo = 1.25 
1 
"O '^3 = 1.15 
O = prototype 
• = model 
J L 
5.0 6.0 7.0 
Ql/Qc 
model (Figure 6). Low specific humidity. 
1.03 
l .Ol-
1.0: 
1.05 
1.01_ 
i.od 
1.0 2.0 3.0 4.0 
TTg = Qj_/Qc 
5.0 
rr^ = 1.45 
TT^  = 0.042 
o 773 = 1.35 
77%. = 0.033 
O = 1.25 
TTi^  = 0.022 
6.0 
774 = 0.014 
7.0 
Figure 8. Terr.psraturs ratio versus flow ratio. Tube inside diameter = 1.00 inch. High specific 
hurridity. Parameters: 7T3 = 77^ = Qi^/OpTidc^. 
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Table 4» Experimental data for Figure 8 
Pressure Pressure Flow rate Temperature 
ratio Pc oQc T T. 
psia. psia. ft. /min. ft.-'/niin °F op 
1.15 18.75 21.60 
L 
1.25 18.75 23.40 
3.4 21.8 63.0 71.8 
3.4 21.8 63.1 71.7 
4.5 21.8 63.0 71.7 
4.5 21.8 63.1 71.7 
6.6 21.7 63.4 71.6 
6.6 21.7 63.6 71.6 
8.8 21.6 64.5 71.6 
8.8 21.6 64.5 71.7 
9.8 21.3 65.0 71.7 
9.8 21.3 65.1 71.7 
11.8 21.3 66.0 71.7 
11.8 21.3 66.0 71.7 
13.4 21.1 67.2 71.8 
13.4 21.3 67.3 71.7 
15.5 20.7 69.0 71.8 
15.2 20.7 69.1 71.9 
18.0 20.7 . 71.3 72.0 
18.0 20.7 71.3 72.0 
14.2 . 20.9 68.8 72.2 
14.2 20.9 68.7 72.2 
10.8 21.4 66.2 72.2 
11.0 21.4 66.0 72.2 
8.0 21.4 65.3 72.3 
8.0 21.4 65.1 72.3 
5.5 21.4 64.1 72.4 
5.8 21.7 64.0 72.4 
4*4 27.9 59.5 74.1 
4»4 27.9 59.7 74.1 
5.5 27.9 59.7 74.0 
5.8 27.6 59.9 74.0 
6.9 27.6 60.1 74.0 
6.9 27.6 60.1 74.0 
8.0 27.9 60.4 73.9 
7.7 27.6 60.5 73.8 
10.1 27.9 61.8 73.8 
10.1 27.6 62.0 73.8 
11.2 27.6 62.4 73*8 
11.2 27.6 62.6 73.9 
13.0 27.6 63.3 74.0 
13.0 27.6 63.5 74.0 
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Table 4 (Continued) 
Pressure Pressure Flow rate Temperature 
ratio P. Pi . „Qj. T- T. 
psia. psia. ft,3/niin. ft, /min. F 
1.25 18.75 23.40 
1.35 18.75 25.30 
1.45 18.75 27.20 
13.6 27.9 63.8 74.1 
13.3 27.6 64.0 74.1 
14.0 27.6 64.5 74.1 
14.0 27.6 64.6 74.1 
16.0 27.6 66.1 74.1 
16.0 27.2 66.3 74.0 
5.5 33.8 55.0 75.4 
5.5 33.8 55.1 75.4 
7.4 33.8 55.1 75.1 
7.7 33.8 55.2 75.1 
9.1 33.4 55.8 75.1 
8.8 33.4 56.0 75.0 
10.5 33.4 57.0 75.0 
10.5 33.8 57.2 75.0 
11.9 33.8 57.8 75.1 
11.6 33.8 58.0 75.2 
13.5 33.8 58.8 75.2 
13.5 33.8 59.0 75.2 
14.6 33.8 59.6 75.3 
14.3 33.8 59.7 75.3 
15.0 33.4 60.2 75.4 
15.0 33.4 60.4 75.4 
6.5 38.2 50.7 75.8 
6.5 38.2 50.9 75.9 
7.7 38.2 51.4 76.1 
7.7 38.2 51.4 76.2 
9.8 38.2 52.0 76.3 
9.6 38.2 52.5 76.5 
11.3 38.2 53.5 76.5 
11.0 38.2 53.8 76.6 
12.5 38.2 54.9 76.7 
12.5 38.2 55.2 76.8 
13.5 38.2 56.0 77.0 
13.3 38.2 56.1 77.0 
11.5 38.2 54.3 77.1 
11.5 38.2 54.3 77.1 
9.1 38.2 53.2 77.1 
9.1 38.2 53.0 77.2 
7.5 38.2 52.7 77.2 
7.5 38.2 52.6 77.2 
6.0 38.2 52.0 77.3 
6.0 38.2 52.0 77.3 
1.051-
l.Of-
1.0 
1.0: 
1.0]_ 
i.cd 
1.0 
_L 
2.0 5.0 6.0 
-Q = 1.45 
TTjr = 0.036 
TT^  = 1.35 
TT^  = 0.027 
TT^  = 1.25 
rr, = 0.018 
TT^  = 1.15 
1T^  = 0.010 
7.0 3.0 4.0 
172 = Qi/Qc 
Figure 9. Temperature ratio versus flow ratio. Tube inside diameter =3/4 inch. High specific 
huinidity. Parameters: TT^  = QiV^ pTidc^ . 
Table 5* Experimental data for Figure 9 
Pressure Pressure Flow rate Temperature 
ratio • P(j Pj^ 
psia. psia. ft.^/rain. 
oQi 
ft.^/min. % 
1.15 18.58 21,37 3.1 10.4 64.3 72.8 
3.1 10.4 64.7 73.0 
4.0 10.4 65.0 73.1 
4.0 10.1 65.1 73.2 
4.4 10.1 65.5 73.2 
4.4 10.1 65.7 73.2 
5.3 10.1 66.0 73.3 
5.3 10.1 66.1 73.3 
6.1 9.8 66.8 73.3 
6.1 10.1 66.9 73.3 
6.6 9.8 67.4 73.3 
6.6 9.8 67.5 73.3 
9.1 . 9.8 72.5 73.3 
8.8 9.5 72.5 73.3 
7.7 9.8 70.3 73.4 
7.7 9.8 70.2 73.4 
7.2 9.8 68.4 73.3 
7.2 9.8 68.1 73.3 
5.5 10.1 66.6 73.3 
5.5 9.8 66.5 73.3 
3.7 10.1 65.3 73.3 
3.7 10.4 65.0 73.3 
1.25 18.58 23.23 2.8 14.2 58.8 73.2 
2.8 14.5 59.1 73.2 
3.7 14.2 59.1 73.3 
3.7 14.2 59.4 73.3 
4.4 13.8 60.0 73.4 
4.7 14.2 60.2 73.4 
5.3 13.8 60.9 73.4 
5.3 13.8 61.1 73.4 
5.8 ^ 13.8 61.2 73.4 
5.8 13.8 61.4 73.4 
6.6 13.8 62.3 73.4 
6.9 13.5 62.4 73.4 
7.4 13.5 63.1 73.4 
7.4 13.5 63.3 73.4 
8.0 13.5 64.0 73.3 
8.0 13.5 64.2 73.3 
8.8 13.5 64.8 73.3 
8.8 13.5 65.0 73.3 
9.8 13.1 66.5 73.3 
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Table 5 (Continued) 
Pressure Pressure Flow rate Temperature 
ratio P_ Pi -Qq T 
psia. psia. ft.-^/min. ft.^/min. ' F F 
1.25 
1.35 
18.58 23.23 
18.58 25.08 
1.45 18.58 26.94 
9.8 13.1 66.5 73.3 
10.5 . 13.1 67.3 73.3 
10.0 12.8 67.4 73.3 
11.2 12.8 70.9 73.2 
11.2 12.8 70.9 73.2 
3.3 17.3 53.0 72.5 
3.3 17.3 53.4 72.7 
4.5 17.3 53.6 72.8 
4.5 17.3 53.7 72.8 
5.9 17.0 55.5 72.8 
5.9 17.0 55.7 72.9 
7.5 17.0 57.2 72.9 
7.5 17.0 57.3 72.9 
8.3 17.0 59.0 72,9 
8.3 16.6 59.1 72.9 
9.6 16.6 60.4 73.0 
9.4 16.6 60.7 73.0 
10.8 16.6 62.2 73.0 
10.8 16.6 62.4 73.0 
12.0 16.3 63.7 73.0 
11.7 16.3 63.7 73.0 
13.0 16.0 65.7 73.0 
13.0 16.0 65.7 73.0 
13.5 16.0 67.8 73.0 
13.5 16.0 67.9 73.0 
3.6 20.0 48.8 73.1 
3.6 20.0 49.0 73.1 
4.7 20.0 49.7 73.1 
4.5 20.0 50.0 73.1 
6.0 20.0 51.0 • 73.0 
6.0 20.0 51.2 73.0 
7.3 19.7 52.7 72.9 
7.3 19.7 52.7 72.8 
8.1 19.7 53.9 72.7 
8.1 19.7 54.1 72.7 
10.4 19.7 56.6 72.8 
10.4 . 19.7 56.8 72.8 
12.2 19.3 59.7 72.8 
12.2 19.3 60.0 72.9 
14.3 18.6 63.0 72.9 
14.0 18.6 63.2 73.0 
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Table 5 (Continued) 
Pressure Pressure Flow rate Temperature 
ratio Pc P^ Qc TQ ?! 
psia» psia. ft.^/min. ft,3/m.n o? op 
1-45 18.58 26.94 12.8 19.3 61.0 73.0 
12.8 19.3 60.9 73.0 
8.8 19.7 56.0 73.1 
8.8 19.7 55.7 73.2 
4.7 20.0 50.7 73.3 
4.7 20.0 50.2 73.3 
large as the flow ratio increases. Note also, however, that the tem­
perature ratios tend to limiting values thereby reducing accuracy 
requirements of the flow ratio and hence, in the author*8 opinion, 
these large uncertainties are of no consequence. Figure 11 shows 
the prediction curves for Figures 5 and 6 and Figures 8 and 9« 
It may be observed that, while slight differences may be noted from 
one pressure ratio to another, all curves are within the estimated 
maximum uncertainty of the prediction factor of the value (see Ap­
pendix B); 
S « 1.0 i 0.004. 
The indication of this result is that the distortion of the flow 
ratio is of little importance. This result is, no doubt, aided by 
the characteristic of the limiting feature of the temperature ratio. 
1.05 
TTq = 1-45 
1.04 
TT^ = 1.35 
1.03 
TTo = 1.25 
1.02 
IT. 1.15 
1.01 O = prototype 
• = model 
1.00 
1.0 2.0 3.0 4.0 6.0 5.0 7.0 
^^2 — Qj_/Qc 
Figure 10. Superposition of prototype (Figure 8) and model (Figure 9). High specific huirddity. 
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l .OOU 
l.OOC 
0.996-
II X 
60 0.00/. 
o.ooc 
o -TR = 1.45 
Q-O 
1.0 2.0 
Figure 11a. Prediction factors from Figure 10. 
3.0 4.0 
'^2 " '^ 2m 
0-770 = 1.35 
A-rr^ = 1.25 
O-TT^r. 1.15 
I 
5.0 
-j_ 
6.0 
1.004 
l.OOC 
^ 0.996 
II " 
 ^0.004 
o.ood I 
1.0 2.0 3.0 4.0 
2 " '^ 2ra 
5.0 6.0 
Figure lib. Prediction factors from Figure 7. 
Figure 11. Prediction factors versus flow ratio. Specific humidity and 
TT]^ not considered. 
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CONCLUSIONS, RECOI'ttîSNDATIONS 
This work indicates that modeling vortex tubes is not only feasible, 
but practical. Since the prediction factor is approximately one, 
the 3/4 inch system may be considered for all practical purposes a 
true model of the one inch system. 
For a given pressure ratio and inlet tençerature tîiere is a 
minimum cold ten^erature attainable and independent of the flow ratio 
(above some minimum depending on the pressure ratio) for the range 
of operation investigated here. 
The author recommends additional similitude studies in the 
following areas: 
1. Modeling of vortex tubes with a view to predicting some 
cooling rate parameter, 
2. detailed investigation of the temperature ratio dependence 
on individual TT terms, and 
3. extension of the range of the pressure ratio. 
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APPENDIX A. APPARATUS 
The apparatus consists of two vortex tubes and test equipment 
for determining (at the inlet and cold outlet) flow rates, pressures, 
and temperatures of the air streams. 
The values of the length dimensions are given in Table 6 for 
the vortex tubes. 
Table 6. Values of length dimensions 
Tube dh 
inch 
dc 
inch 
h 
inch 
w 
inch 
1 
inch 
Prototype 1 1/2 1/4 1/4 24 
Model 3/4 3/8 3/16 3/16 12 
Two rotameters, each capable of flow measurements of air to 
26 SCFM at 14,7 psi and 70°F and designated the Model 10A2235A lîato-
sight, were obtained from the Fischer-Porter Company, Warminster, 
Pennsylvania. Since few measurements were actually made at standard 
pressure, pressure correction curves were also obtained for these 
instruments. 
Four Bourdon - type pressure gauges, two each for measurements 
to 30 psi and 60 psi and designated Figure No. 23, Catalog No. 26, 
1965, were obtained from l-Iarshalltown Gauge, Marshalltown, Iowa. 
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Three thermometers were employed for determining the inlet and 
cold outlet temperatures. Their range -was -30 to 120°F in 1° cali­
brations and they were manufactured by Geo. T. Walker and Company, 
Inc. 
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APPENDIX B. ERROR ANALYSIS 
1. Pressure ratio 
/p. 
tiax.A I 
APi APo \ /Pi 
Pe /IPo 
By virtue of calibration curves, the uncertainty of the pressure 
measurements has been reduced to the limit to which they may be read, 
i.e., 0.1 psi. e.g., 
l-iax. A 
/Pi\ 
= fo.l + 0.1 \ fl.4^ = 0.0127 
V26.2 18.7/ V / 
2. Temperature ratio 
'^hx. A| 
iT, 
Tj_A /ATi ATc 
+ 
' /  
Tr 
/Tj_\ 
The stated accuracy of the thermometers (and verified at the freezing 
and boiling points of water) is 0.$°F. e.g., / 
tkx.A 
f \ \  
0.5 + o \^ /l.0392\ ~ 0.002 
530 5io; \ ; 
Flow ratios 
I'lax.A 
/%\ /AQi AQc\ 
% Qc / r/ 
Rotameters are listed as 2% of full scale or 0.52SGPM. e.g., 
54 
l4ax.A 0.52 + 0.521 12 
20 10 
0.156 CFM 
where 20/10 is to be considered as the flow ratio after the pressure 
correction has been made. 
4. Prediction factor 
Ti 
Max .A 
/^inA \ 
M— A — 1 / __ 
V'l \^ cmj Tc 
Ti. •^im '^im 
Tr "•cm cm 
.'A .V 
0.002 + 0.002^ f1,002 
,1.027 1.025/ 
0.004 
